The temperature dependence of diamagnetic grain orientation is reported for the first time concerning micron-sized graphite samples. An experimental method was developed for the purpose of studying the mechanism of interstellar grain alignment. The experiment was carried out in the temperature ränge from room temperature to 180 K, using ethanol as the suspending medium. The field of füll orientation H$ decreased from 380 G to 260 G as the temperature decreased from room temperature to 180 K. The average sizes of the samples were 2.5 ± 0.2 /zm and 3.8 ± 0.2 //m in diameter, and the thickness was 0.3 ± 0.2 /zm. This temperature dependence of H$ agrees with a theoretical relation, which was derived from the theory of the Boltzmann distribution of suspended particles. A quantitative consistency in applying the conventional theory on interstellar grain alignment has not yet been achieved for the dense region, such as molecular clouds. The possibility of applying a diamagnetic-orientation experiment to the mechanism of interstellar grain alignment is discussed. The method for observing grain alignment established in the present work, can be applied for a quantitative evaluation of the star-light polarization mechanism.
Introduction
mal rotation by Purcell, the DG mechanism is now widely aeeepted for grain alignment in the diffuse region from a It is generally known that star light contains linear po-qualitative point of view (Purcell 1979; Spitzer, McGlynn larization in the optical and infrared wavelengths (e.g., 1979; Lazarian 1995) , although this mechanism is still Axon, Ellis 1976) . The correlation between the degree debatable, for example, based on a quantitative evaluaof polarization and extinetion provides a firm basis to tion of the enhancement of imaginary part of the magbelieve that the observed polarization is caused by the ne tic suseeptibility of the grain. For the dense region the orientation of interstellar grains. The existence of grains validity of these modeis still leaves room for discussion, is also responsible for some fraction of the visible extinc-smce the model can not explain the observed feature of tion (Hiltner 1949; Hall 1949) . Two requirements must polarization quantitatively in this region. be satisfied if the polarization is actually caused by the Furthermore, the physical behavior of the particles uninterstellar grains (e.g., Spitzer 1978) : first of all, the in-der a low-temperature, low-density environment of individual grains must be optically anisotropic so as to give terstellar circumstances has not been confirmed through the required directional dependence of the extinetion ef-any experimental studies. It is noted that interstellar ficiency. Secondly, the grains must be partially aligned gra i ns generally consist of diamagnetic materials, such along the axis of optical anisotropy in interstellar space. as C arbon material and astronomical Silicate (Draine, Lee Davis and Greenstein (1951) have attempted to explain 1934). The possibility of diamagnetic relaxation in the the mechanism of grain alignment through the interac-interstellar environment was first discussed by Cayrel and tion between the paramagnetic grains and the interstellar Schatzman (1954). Some theoretical studies followed this magnetic field. Their theory (here after DG mechanism) discussion, and concluded that the effect of diamagnetic was extended based on other discussions (Jones, Spitzer relaxation is negligible compared with paramagnetic re-1967; Purcell 1979) . Due to the assumption of suprather-laxation (Greenberg 1969; Purcell 1969 ). However, the 150 H. Chihara et al. [Vol. 50,  actual physical properties of micron-sized diamagnetic particles in the magnetic field are poorly understood, both experimentally and theoretically, in the field of solid State physics. Hence, one cannot exclude the possibility of a diamagnetic mechanism for the cause of interstellar grain alignment before these properties are examined experimentally. Among the few number of studies concerning diamagnetism, the magnetic orientation of the particles in a magnetic field due to diamagnetic anisotropy has been extensively studied during the last decade. For example, the magnetic alignment of organic solids with a size of 100/xm was seen in a field below 8xl0 4 G (Maret, Dransfeld 1985; Yamagishi et al. 1984) . More recently, the field-induced orientation was observed for planeshaped sheet Silicates in a field below 4 x 10 4 G (Uyeda et al. 1992) , as well as for graphite in a field below 500 G (Chihara et al. 1998) . The experiments were performed at room temperature. This diamagnetic orientation is explained based on the balance between the field-induced anisotropic energy NA\H 2 and the thermal energy k B T. N and A\(= X\\ ~ X±) denote the number of molecules per grain and the anisotropic susceptibility, respectively. The anisotropic diamagnetic susceptibilities are defined as X|| an dx± a l°ng the directions parallel and perpendicular to the C-plane of the crystal, respectively. It is expected that the field intensity needed to achieve a füll orientation of the grains, decreases as the temperature T becomes lower and the grain size TV becomes larger. The effect of the parameter N has already been studied experimentally for Silicate grains (Uyeda et al. 1991 . When TV molecules aggregate with their diamagnetic principal axis along the same direction in a substance, the diamagnetic anisotropy of the unit cell A^ is accumulated to TVA% (Yamagishi, Date 1989) . In general, the diamagnetic anisotropy is considered to be too small to cause any macroscopic magnetic motion. Nevertheless, for the case of TV^>1, a large magnetic anisotropic energy is expected, and significant ordering of a micronsized non-magnetic material is available, even at a relatively low field. The origin of the diamagnetic anisotropy of oxide minerals has been explained based on a chemicalbond model, in which the anisotropy is assigned to the individual chemical bond in the crystal (Uyeda 1993) . According to this model, almost every kind of oxide crystal, with the exception of those of cubic symmetry, may Orient in a magnetic field (Uyeda et al. 1995) .
In the present work, the temperature dependence of diamagnetic orientation was studied for graphite singlecrystal grains in connection with the interstellar grain alignment which takes place in a low-temperature environment. The possibility of applying the observed diamagnetic orientation to the mechanism of interstellar grain alignment is discussed based on the obtained laboratory data.
Experimental

Mechanism of Diamagnetic Orientation
Let us consider a disk-like particle in order to explain the orientation of the platy single-crystal grains used in the experiment. The disk plane of the grain is parallel to the C-plane. The diamagnetic principal axis (easy axis) is parallel to the C-plane.
The field-induced energy U is expressed as
where 0 is the angle between the magnetic field H and the disk plane of the grain. The order parameter (ra) is defined as follows (Yamagishi et al. 1984) :
where k B is the Boltzmann constant, and T is the temperature of the grain and Suspension medium. An order parameter (m) is introduced to indicate the degree of grain ordering. When (ra) is equal to unity, the principal axes of all the grains is oriented along the direction of the external field, whereas (ra) is equal to zero when the grains are in a completely random orientation. It is noted that the value of (ra) gradually comes close to unity in the infinite extreme of the field strength, but is not unity at finite field strength. Hence, the ordering of particles can not be achieved completely in actual experiments. Therefore, 80% orientation is regarded as being a nearly füll orientation. The field intensity required to achieve this condition is given (Uyeda et al. 1991) as
Here, Hs is hereafter defined as the field of füll orientation. Hs is the field strength when (ra) = 0.8. From equation (3), it is comprehended that the orientation is realized when the field-induced energy U is an order larger than the thermal energy of the particles.
It is believed that rod-like particles are also responsable for the interstellar polarization. The field-induced energy for rod-like particles is also equal to equation (1) (Yamagishi et al. 1984) .
Experimental Procedure
Disk-like synthetic graphite of micron-sized diameter was used as a sample. The sample grains were desiccated at about 120° C for one day, and then dispersed into ethanol. It was found that ethanol is presently the most suitable medium for suspending graphite at low temperature. Two sample suspensions with different size distributions were used in the experiment. The mean size of the sample particles was measured with SEM (Scanning Electron Microscope) images obtained with an EPMA (Electron Probe Micro Analyzer; JEOL SuperProbe 733, Osaka University). These sizes were 2.5 /im and 3.8 //m in diameter, and the thickness was about one tenth of the sample diameter. These two sample suspensions were labeled Sample-1 for 2.5 /im and Sample-2 for 3.8 /im, respectively. The Standard deviation of the size distribution was la = 0.2 /im for both samples.
The experimental setup is shown in figure 2 . A polepiece magnet, which produces a magnetic field of up to 5000 G, was used in this work. The sample Suspension (~ 9 cm 3 ) was put inside two-fold dewars; the outer dewar was filled with liquid N2, and the inner one was filled with ethanol (~ 50 cm 3 ), so as to keep the homogeneity of the sample temperature. A heater attached to the sample cell was used to control the temperature. Monitoring of the sample Suspension temperature was used with a pair of chromell-alumel thermocouples. This experiment was carried out in the temperature ränge from 180 K to room temperature. The sample Suspension was set at the center of the pole-piece magnet. A He-Ne laser beam which passes through the sample Suspension is used to monitor the optical transmissivity. The path length of the laser beam in the sample Suspension is 10 mm.
Due to the optical anisotropy of the graphite grains, the degree of magnetic orientation can be monitored quantitatively by observing the intensity of the transmitted beam. This is reali^ed because the direction of the diamagnetic easy-axes is fixed parallel to the C-plane, as can be seen in figure 1 , and the amount of the incident light intercepted by the grain becomes largest when the C-plane is perpendicular to the direction of the light path. The relation between the order parameter (m) and the transmitted beam-intensity is obtained from a theoretical calculation (Twersky 1970; Yamagishi et al. 1984) , considering the average amount of light intercepted by the optically-anisotropic grains with its C-plane distributed in various directions in the Suspension. The relation is described as (m) = A/j/A/ s , where AI\ = I\ -IQ is the relative Variation of the beam intensity I\ in the magnetic field H\ with respect to the beam intensity with no magnetic field 1$. A/ s = I s -I Q is the relative Variation of the beam intensity at which the intensity comes to Saturation. This Saturation corresponds to the füll orientation of the grain. The (m) = AI\/AI S relation has been confirmed experimentally at room t emperature fcr several diamagnetic materials, such as'talc (Uyeda et al. 1991) or graphite (Chihara et al. 1998) . That is, the measured AI\/AI S is reproduced by the (TO) curve of equation (2) C-plane of the grain is parallel to the grain axis. X|| and X.L are the magnetic susceptibilities parallel and perpendicular to the grain axis, respectively. 9 is the angle between the field and the grain axis. observed grain sizes. In the actual measurement the ratio of A/ s with respect to IQ is less than 0.1. The 7Q value after applying the field is always identical to the value before applying the field with a deviation of less than 0.5%, the observed AI[/AI S -H relations always follow equation (2) based on the above-mentioned Boltzmann distribution. Hence, it is concluded that the grain directions are in a completely random State before and after applying the field due to the thermal motion of ethanol molecules.
Before measuring I\ at a fixed temperature, the transient Variation of 1$ 1S monitored so as to evaluate the amount of the intensity fluctuation, which is always less than several percent with respect to A/ s . This fluctuation is caused by the instability of the incident beam or by the transient inhomogeneity of the grain concentration along the light path.
Experimental Results
Typical examples of the results of the (m)-H relation are shown in figure 3 . The anisotropy of the diamagnetic susceptibility per a grain NA\ is determined using each (m)-H data with a least-squares fit to equation (2). The calculated results are shown in the solid curves in figure 3 . The experimental data agree well with the calculated curve of the magnetic anisotropy model. As can be seen in equation (3), the field of the diamagnetic orientation Hs is dependent on two parameters. That is, the orientation field Hs is expected to decrease as the size of the particles N increases or the temperature T decreases. Figure 4 shows the temperature dependence of Hs for disk-like graphite. The curves are given by the calculation of equation (3). The adopted NA\ of samples are the mean values of each best-fitted NA\ in the temperature ränge from 200 K to 260 K. The trend of the experimental data is in accordance with the theoretical curve, equation (3) Hs being proportional to y/T.
As a whole, A^Ax per a grain in each sample is -3.6 x 10~1 7 emu and -5.8 x 10~1 7 emu, for sample-1 and sample-2, respectively. These values are consistent with the published NA\ = -296.4 x 10" 6 emu mol" 1 at 211 K (Iball 1936) .
Up to now, the mechanism of the orientation based on Boltzmann theory has been discussed only on the data at room temperature. (Maret, Dransfeld 1985; Yamagishi, Date 1989; Uyeda et al. 1991) . This is because almost all of the studies had focused on organic or biological materials, and therefore it was difficult to change the experimental temperature from the room condition. The present result concerning the temperature dependence has directly examined, for the first time, that the orientation is caused by the balance of the diamagnetic anisotropic energy and the Boltzmann thermal energy.
The N dependence of the diamagnetic orientation of various sheet Silicates has been reported in detail previously (Uyeda et al. 1991) . The dependence was observed in the present study for the graphite sample-1 and sample-2, which are shown by the solid and open circles in figure 4, respectively. The results are consistent with dependence of the previously reported Hs. temperature variations of the intrinsic anisotropy may also be the cause of the observed temperature Variation in Hs-However, the Variation of Ax between and 200 K has been reported to be less than 2 x 10~6emu mol -1 . The Variation ratio of Hs caused by this effect has been calculated to be less than 0.3%, which is negligibly small compared with the observed Variation.
Discussion
Possibility of Diamagnetic Orientation in a Dense
Cloud First, we consider the possibility of diamagnetic orientation in the diffuse region. According to equation (3), the number of molecules per grain N and the temperature of a sample grain T affect the field of the diamagnetic orientation. The field of orientation at the diffuse interstellar condition was calculated to be Hs = 100 G based on this theory, where the various parameters in equation (3) were estimated to be TV -7 x 10" 15 mol (grain size 0.5 /im), T~100K, and Ax = 2.5 x 10" 4 emu mol" 1 . Here, (m) is assumed to be 0.1. It is seen that the diamagnetic anisotropy-energy is too small to cause any direct grain alignment in the diffuse condition.
We next consider the possibility of the orientation in a dense region. It is known that a larger polarization compared to that in the diffuse region is observed in a higher reddening region such as in dense molecular clouds. Indeed, there have been some observational reports concerning the magnetic structure in a dense cloud based on polarization (e.g., Gerakines et al. 1995; Tamura et al. 1987 ). Since gas-grain collisions may frequently occur in a dense region, it is expected that a quasi-thermal equilibrium condition is realized in this region. In the classical DG mechanism, the most fundamental process is thermal grain rotation. In order to realize this process, the gas-temperature T g should be larger than the particle-temperature T p . Hence, in the dense region in which thermal equilibrium is achieved, the reality of the DG mechanism is rather ambiguous (Whittet 1994) , and the estimated magnetic field based on the DG mechanism may include a considerable amount of uncertainties. Nevertheless, the magnetic-field structures in this region have been generally estimated by applying the DG mechanism to the observed data.
It is noted that the mechanism of diamagnetic ordering is operative even in a thermal-equilibrium System, since it is based on a simple balance between the magnetic field-induced energy and thermal energy. As mentioned above, the DG mechanism is not operative in a dense cloud. Furthermore, the DG mechanism is contrary to the fact that large grains produce more large polarization (Mathis 1986; Kim, Martin 1994) . The temperature in dense clouds is expected to be lower and the grain size is expected to be larger, due to the collisional effect. Since these two characteristics reduce the field of füll orientation described in equation (3), a diamagnetic orientation may be expected to realize in the actual dense cloud as well as the primordial planetary System. The actual grain size in a dense cloud or in a primordial planetary System has not yet been evaluated quantitatively. However, results of magnetization measurements on primitive meteorites suggest that the upper limit of the magneticfield intensity was about 0.1G for a primordial solar System. The efficiency of the diamagnetic orientation in these regions may become clear when quantitative knowledge concerning grains is obtained, concerning its size as well as on its chemical composition.
The Application of the Experiment to Solve the
Physical Mechanisms of Interstellar Grain Alignment In order to know the efficiency of the diamagnetic orientation in a dense cloud region, it is necessary to obtain the value of Hs experimentally at the dense-cloud temperature (T ~ 10 K). It is noted that the viscosity of ethanol becomes extremely large below T = 180 K as the temperature approaches the melting point of ethanol, and that the detection of the diamagnetic orientation becomes difficult due to the long relaxation time of the thermal equilibrium. Therefore, helium gas is considered to be an alternative medium to carry out experiments at lower temperature. The temperature dependence of the diamagnetic grain-orientation can then be examined over a wide temperature ränge from 1000 K to 4.2 K by means of this method. In order to disperse micron-sized grains in a helium gas medium under the condition of terrestrial gravity, the gas pressure should be as large as 1 atm. It is obvious that the molecular density at this pressure is still too high to reproduce the interstellar environments where magnetic grain-orientation takes place. In order to reproduce the environment, experiments under micro-gravity conditions become necessary in which the grains may disperse, even in a very diffused gas-density. A He-gas experiment at 1 atm as well as the present experiment is a vital step to realize experiments under micro-gravity conditions.
The present low-temperature experiment by introducing an ethanol medium is another vital approach to reproduce the interstellar environment, besides realizing a lowpressure condition. Formerly, low-temperature experiments concerning grain-orientation has been hindered because of the lack of a suitable medium which can disperse grain particles, even under cryogenic conditions. Finally, the experimental method established in the present work can be applied to an experimental examination of the mechanism of star-light polarization.
A theoretically derived relation between the star-light polarization and the degree of grain orientation can be evaluated quantitatively, since the degree of grain orientation (denoted as (m) in the present work) can be precisely controlled in the laboratory by a magnetic field, as can be seen section 2. Various parameters of the grains, which are considered to affect the optical-data, such as the size, geometry of the sample (e.g. radius/length ratio of a rod sample), dielectric function of the grain, and so on, can be studied experimentally. This is realized because the diamagnetic grain alignment is generally a common effect for diamagnetic materials (Uyeda et al. 1995) , and the above-mentioned grain parameters can be easily varied by choosing the grain material. The dependence of the polarization due to the optical wave length as well as the temperature of the medium may also be examined by the present method. In order to realize these experiments, the diamagnetic grain orientation in the helium-gas medium is now being studied.
